Speech production involves some of the most precise and finely timed patterns of human movement. Here, in the context of jaw movement in speech, we show that spatial precision in speech production is systematically associated with the regulation of impedance and in particular, with jaw stiffness. We estimated stiffness and also variability during movement using a robotic device to apply brief force pulses to the jaw.
2 Abstract Speech production involves some of the most precise and finely timed patterns of human movement. Here, in the context of jaw movement in speech, we show that spatial precision in speech production is systematically associated with the regulation of impedance and in particular, with jaw stiffness. We estimated stiffness and also variability during movement using a robotic device to apply brief force pulses to the jaw.
Estimates of stiffness were obtained using the perturbed position and force trajectory and an estimate of what the trajectory would be in the absence of load. We estimated this "reference trajectory" using a new technique based on Fourier analysis. A movingaverage (MA) procedure was used to estimate stiffness by modeling restoring force as moving average of previous jaw displacements. The stiffness matrix was obtained from the steady-state of the MA model. We applied this technique to data from 31 subjects whose jaw movements were perturbed during speech utterances and kinematically matched non-speech movements. We observed systematic differences in stiffness over the course of jaw lowering and raising movements that were correlated with measures of kinematic variability. Jaw stiffness was high and variability was low early and late in the movement when the jaw was elevated. Stiffness was low and variability was high in the middle of movement when the jaw was lowered. Similar patterns were observed for speech and non-speech conditions. The systematic relationship between stiffness and variability points to the idea that stiffness regulation is integral to the control of orofacial movement variability.
What is the means by which the nervous system regulates variation in movement? One possibility is that precision is achieved by iteratively optimizing control signals on an ongoing basis using information from sensory feedback (Todorov and Jordan, 2002) . A related possibility is that the nervous system selects motor commands so as to restrict variation that affects final outcomes while allowing ample variation in variables that have little or no affect on final values (Latash et al., 2002) . There is also evidence from measures taken under stationary conditions (Shiller et al., 2002; Gribble et al., 2003; Osu et al., 2004; Selen et al., 2006; Lametti et al., 2007) that movement variability is controlled through neural signals that modify the limb's resistance to displacement, a phenomenon known as impedance control (Hogan, 1985) . However, it is unknown whether precision is regulated in a similar fashion during movement.
To address this question we have examined movement variability and impedance in speech production, which is characterized by some of the smallest and most precise movements that humans produce. Speech is of particular interest in this context because it tests the possible application of impedance control at the limits of human movement precision. To deal with the small movement amplitude and rapid time course of speech movements, it was necessary to develop new techniques to estimate impedance. Using these techniques, we show here that impedance varies systematically over the course of movement and that variability in speech varies directly with differences in impedance. Moreover, the patterns of both impedance change and kinematic variation that we observe are not restricted to speech movements but occur in a similar fashion in matched non-speech movements. The consistent linkage that is observed between impedance and movement variability suggests that impedance regulation is an integral component in the control of precision in the orofacial system.
In studies of stiffness control in arm movements it has been possible to estimate stiffness during movement either by applying displacements to the arm that are position servo-controlled with respect to estimates of the unperturbed trajectory (Burdet et al., 2001; Darainy et al., 2007) or by using open-loop force control (Frolov et al., 2006; Gomi and Kawato, 1997; Mah, 2001) . A servo control procedure has not been possible in the case of jaw movement as a result of the small amplitude and duration of movement.
Accordingly, we developed a new procedure based on the application of brief force pulses to the jaw and a Fourier transform based interpolation technique that estimates the required reference trajectory, that is, the trajectory that would have been followed in the absence of load.
Subjects in the present study were tested with speech utterances and with matched non-speech movements, which were equated in terms of amplitude and duration. Impedance estimates were based on the pattern of sagittal plane jaw displacement and measured resistive forces that occurred in response to small force perturbations at various points along the movement trajectory and in various directions.
Methods
Thirty-one young adults participated in the experiments. Subjects were screened for temporomandibular joint dysfunction and speech motor disorders. All experimental procedures were approved by the Institutional Review Board of McGill University.
Apparatus
Jaw stiffness was estimated using a small robotic device (Sensable Technologies, Phantom 1.0) that permits unrestricted movement of the jaw in three spatial dimensions and the recording of jaw position and subject-generated force (Figure 1 ). The subject's jaw was connected to the robot by means of a custom-built dental appliance that was attached to a rotary connector at the end of the robot arm. A second appliance, attached to the maxillary teeth, was used for head stabilization during testing. Jaw position was measured using encoders in the robotic device. Subject-generated force was measured using an ATI Nano-17 force-torque sensor that was mounted at the distal end of the robot arm. Position and force were both recorded at 1Kz and low-pass filtered at 30 Hz.
Stiffness estimates were obtained in a speech condition and a matched nonspeech condition with the order of testing balanced over subjects. The testing was carried out on two successive days. In the speech condition, subjects were instructed to repeat the utterance see sassy at a conversational rate and normal volume. In the nonspeech condition, subjects were asked to produce individual jaw lowering and raising movements that were matched to the movement for sass in the speech condition in terms of amplitude and duration. The experimenter provided the subject with constant verbal feedback on these values based on a real-time display. In each case, an audio signal was given as a cue to start the trial.
The speech condition began with a practice run of 30 repetitions. This was followed by three blocks of 180 repetitions each. During the experimental sequence, the robot delivered 48 ms, 1 N perturbations to the jaw, on average one trial in five, with perturbations acting in six equally spaced directions about a circle in the sagittal plane.
The start time of the perturbation varied such that perturbations were distributed throughout the jaw lowering and raising movement associated with the sass portion of the utterance.
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The procedure for the non-speech condition was basically similar. An initial practice run of 30 movements was followed by three blocks of jaw lowering and raising movements of 180 trials each. As in the speech condition, perturbations were 48 ms in duration, 1 N in magnitude, and delivered at random on a one trial in five basis.
Perturbations were similarly delivered in six equally spaced directions about a circle, with perturbations distributed throughout the lowering and raising movement.
For subjects that were tested in the non-speech condition first, a short run of 30 speech trials was collected at the very start of the procedure to obtain estimates of jaw amplitude and duration. These gave values needed to provide feedback on amplitude and duration during the non-speech movements.
A Fourier transform based procedure was used to obtain estimates of the reference trajectory for each perturbed movement (see Appendix for details). The basic idea is that position and force data outside of the perturbation interval are used to predict the form the signal would have taken within the perturbed part, had there been no perturbation. To prevent noise from propagating into the predicted positions and forces, we use a low-pass filtered version of the signal in the unperturbed part of the movement to generate the interpolated signal within the perturbation interval. The low-pass filtering is implemented using a variant of the Fourier transform in which Fourier coefficients are determined in the unperturbed part of the signal alone, at frequency values up to a specified cut-off frequency. The obtained Fourier coefficients are used to reconstruct the reference trajectory both within and outside the perturbation interval (see Figure 2 for example). The restoring force vector, ( F x , F y ), and the displacement vector, ( x, y), both measured at the mandibular incisors (see Methods) are determined by taking the difference within the perturbation interval between the actual signal and the computed reference trajectory.
We have also developed a new method for stiffness estimation that is based on a moving average (MA) procedure. The currently available techniques for estimating stiffness from data based on force pulses require that the inertial contribution to the measured restoring force be removed (Gomi and Kawato, 1997 where N is the number of samples in the perturbation interval. As shown in the Methods, stiffness estimates are derived directly from values of the moving average coefficients.
The moving average model was used to obtain jaw stiffness estimates on the basis of the force opposing the perturbation and the associated change in the position. The discretized system given in Equation 1 can be written in the z domain as:
The stationary condition is obtained at z = 1
where F x (1), F y (1), x(1), and y(1) are the stationary values for changes in force and position and K = A(1) is the stiffness matrix.
An iterative procedure that is reminiscent of the Expectation-Maximization (EM) algorithm (Dempster et al., 1977) was used to jointly estimate the reference trajectory and the coefficients of the moving average model. In the expectation step of the algorithm, cutoff frequencies for reference trajectory estimation were assumed fixed.
Then, using values for position and force change due to the perturbation, the moving average model coefficients shown in Equation 4, were computed through linear regression. In the maximization step, the moving average model was considered fixed and, for each perturbed trial, the combination of cutoff frequencies was found that best predicted F x and F y (given the moving average coefficients and model order, M). The procedure continued until values for cutoff frequencies converged. The procedure was repeated on a per subject basis, separately for speech and non-speech conditions and also separately for each movement phase (start, apex, and end).
When executing the maximization step, linear regressions were computed for model order M going from 10 until 20. The optimal order was the one that resulted in the smallest value for the Bayesian Information Criterion (BIC, see Schwarz, 1978) , a measure that takes into account both the goodness of fit and the number of free parameters in the model. The BIC is given as:
where L is the maximized value of the likelihood function for the estimated model, k is the number of parameters to be estimated and n is the number of observations.
Selecting the model order based on this criterion prevents over-fitting the data with models that have an unnecessarily high number of parameters (e.g., high moving average model orders M or high cutoff frequencies).
Results
Estimates of sagittal plane jaw stiffness and kinematic variability were obtained from repetitions of a single speech utterance and matched non-speech movements. We verified that movement amplitude and duration were comparable in speech and nonspeech conditions. As is typical of speech movements, mean jaw movement amplitude for the sass portion of the utterance (± SE) was 18.0 ± 0.77 mm and mean duration for the same movement (± SE) was 366 ± 8.6 ms. For the non-speech movements, the mean amplitude for the matched jaw lowering and raising movement (± SE) was 17.9 ± 0.77 (SE) and the mean duration (± SE) was 382 ± 9.7 ms. There were no statistically reliable differences between speech and non-speech conditions in terms of either amplitude (p > 0.5) or movement duration (p > 0.19). estimates what the movement path would have been in the absence of load. We evaluated the Fourier-based interpolation procedure that was used to estimate the reference trajectory in the case of perturbed movements by applying the technique to null-field trajectories in which the form of the actual trajectory was known throughout. We produced estimates of the reference trajectory for both position and for force at each of five intervals, which were centered at movement start, maximum lowering velocity, maximum jaw aperture, maximum raising velocity and movement end. We did this for all subjects using a randomly selected subset of 20 null-field trials and we repeated the procedure separately for both speech and non-speech movements. As is the case with the experimental data, we computed a reference trajectory using an estimation interval that was longer than the actual perturbation (75 ms reference trajectory estimation versus 48 ms force perturbation). The reason for computing a reference trajectory that extended beyond the perturbation was to ensure that the estimated trajectory covered an interval that allowed both resistive force and jaw position to return to baseline values following the end of the perturbation. In each of these cases, we chose from a set of candidate trajectories produced by the Fourier interpolation procedure the one that minimized the RMS difference between the actual and the estimated movement interval. This is called the reference trajectory. Overall, we found that the best cutoff frequencies ranged 17 to 22 Hz for the position signals and from 8 to 13 Hz for force signals (based on minimum RMS difference between null-field movements and estimated reference trajectories).
We assessed the error that results when the interpolation procedure is applied to known movements. We found that the Fourier-based interpolation procedure generates estimated reference trajectories that closely approximate those observed empirically. We Figure 3C shows the correspondence between the resulting bin boundaries and maximum jaw lowering and raising velocity averaged over subjects. It can be seen that by partitioning the data based on the distribution of perturbations we get (approximately) one phase preceding maximum lowering velocity, a second phase from maximum lowering to maximum raising velocity (including maximum aperture) and a final phase beyond maximum raising velocity. Note that it was necessary to divide the dataset in this fashion to ensure an adequate amount of data in each phase of movement for purposes of stiffness estimation. The procedure results in a composite estimate that characterizes impedance over the estimation interval. However, as seen Figure 4 , even when estimated in this manner, the technique is sensitive to differences in stiffness over the course of movement.
With the dataset partitioned into bins, estimates of position change and force change due to the perturbations were used to compute three separate stiffness estimates for each subject in speech and non-speech conditions. An iterative procedure based on a moving average model was used to obtain estimates of stiffness. Figure 4A shows average magnitudes of stiffness for the major and minor axes of the jaw stiffness ellipse in each phase of movement. It can be seen that similar patterns are observed in speech and non-speech movements. In each case, for the direction of greatest stiffness such that values for stiffness were less in middle of movement than at either the beginning (p < 0.001) or at the end (p < 0.001) as assessed by Bonferroni corrected 13 comparisons. Stiffness values at movement start and end were not found to differ (p > 0.1). For the direction of least stiffness, no modulation of stiffness values was observed (p > 0.1). In addition, there were no statistically reliable differences in the pattern of stiffness between speech and non-speech movements (p > 0.35, p > 0.25 for major and minor axes respectively). Figure 4B gives the orientation of the major axis of the stiffness ellipse for the same three phases of movement. Repeated measures ANOVA found no differences in orientation over the three phases (p > 0.1). There was a small but significant difference in orientation between speech and non-speech movements (p < 0.05) with the stiffness ellipse tilted further from the horizontal axis in the non-speech condition, by 1.375 o .
We assessed the relationship between jaw stiffness and kinematic variability by computing, for each subject, composite measures of stiffness and variability. For stiffness, we calculated K major .K minor , a measure that varies monotonically with stiffness ellipse area, for each of the three phases of movement shown in Figure 3 , where K major and K minor are the magnitudes of the major and minor axes. The calculation was done for each subject separately and was repeated to have values for both speech and for nonspeech movements.
We computed an analogous measure for kinematic variability, again on a per subject basis and also for each movement phase separately. The pattern of kinematic variability was fit with a one standard deviation confidence ellipse that was derived using principal components analysis (see Figure 5 ). The orientation and magnitude of the major axis of the ellipse corresponds to the direction and magnitude of maximum kinematic variability. The minor axis shows the direction and magnitude of minimum kinematic variability. A global measure of kinematic variability, analogous to the area of the ellipse, was obtained by computing the square root of the product of the magnitude of the major and minor axes, s major .s minor , where s major and s minor are standard deviations on the two axes of kinematic variability. Figure 5 shows the relationship between jaw stiffness and kinematic variability where each point represents an individual subject in either the speech or the non-speech condition. The individual stiffness and variability estimates come from all three phases of the movement. As can be seen, stiffness during movement is systematically related to kinematic variability such that variability is high when stiffness is low and vice versa. The overall correlation between stiffness and variability (r = -0.29) was reliable (p < 0.001).
The correlation for speech was -0.32 (p < 0.001) and for non-speech -0.24 (p < 0.02).
There was no indication that the intercept or the slope of the relation between stiffness and variability differed for speech and non-speech conditions (p > 0.5 in both cases).
Overall, the mean angle (± SE) between the major axes of the stiffness and kinematic variability ellipses in speech was 81.61 ± 1.38 deg and for non-speech the angle was 80.99 ± 2.35 deg.
Since jaw stiffness varies over the course a movement it is possible that the relationship between stiffness and variability actually reflects differences that arise in different phases of movement. We examined this possibility using ANOVA by fitting a model to the data that assessed the linear dependence of stiffness on both the phase of the movement and on kinematic variability. This analysis indicated a reliable dependence of stiffness on phase (p < 0.01) and on movement variability (p < 0.05).
Thus even after accounting for differences in stiffness that are dependent on the phase of the movement, there is still a reliable dependence of stiffness on variability.
The estimates of stiffness in the present paper are dependent on the ability to adequately estimate the reference trajectory and importantly on the assumption that the subject does not voluntarily intervene over the course of the perturbation. Voluntary intervention is unlikely, at least during the perturbation interval. The perturbations are delivered at random points over the course of a movement and only on a subset of trials.
Moreover, the perturbations are exceedingly small both in amplitude (approximately 1 mm) and duration (48 ms from start to end). Voluntary response can presumably be ruled out under these conditions.
Discussion
In the present study, we find that impedance is modulated over the course of movement and that the pattern of stiffness change is comparable for speech and matched non-speech movements. The modulation observed over the course of movement is basically similar to the pattern of stiffness modulation under stationary conditions where stiffness is greater at more elevated positions of the jaw and less for lower positions (Shiller et al., 2002) . However, in comparison to measures taken when the jaw is stationary, stiffness during movement is higher by about a factor of two, particularly in the direction of jaw protrusion-retraction. The demonstration differs from previous examples of impedance control in that modulation of stiffness is observed in the absence of experimentally imposed instability and indeed in the absence of any specific requirement to regulate stiffness for purposes of environmental interaction.
We have seen that jaw stiffness is inversely related to kinematic variability and that stiffness is high in directions where variability is low and visa versa. Previous demonstrations of the relationship between either stiffness or muscle cocontraction and variability have been obtained at movement end (Shiller et al., 2002; Gribble et al., 2003; Lametti et al. 2007 ) and may thus have been influenced by the unique stability requirements that arise at the end of movements. The results of the present study suggest that stiffness and variability are more globally linked and hence that stiffness regulation is a basic part of normal movement control.
We have not found differences between speech and matched non-speech movements, either in patterns of stiffness or in kinematic variability. The analyses show that this is not for lack of statistical power. We can readily detect differences when they are present, as for example between middle and the ends of the movement. Moreover, given the large sample size (31 subjects tested in both speech and non-speech conditions), we are fairly satisfied that the absence of a speech / non-speech difference is real. Nevertheless, we think it is important to emphasize that speech and non-speech movements differ in important respects that are perhaps not evident when movements in the two conditions are matched for experimental purposes. Even in the case of the jaw, speech movements tend to be smaller than other orofacial movements and certainly faster. Thus speech and non-speech movements may be distinguished more by the part of the orofacial worskpace that they inhabit than by the basic rules that govern their behavior. represented in blue and non-speech is in red. The height of each bar is the mean of the maximum error when the Fourier-based procedure is applied to known signals (null-field trials) in each of five phases of movement shown from left to right (start, peak opening velocity, maximum aperture, peak closing velocity, and end). The error estimates were computed using a set of 20 null trials selected at random for each subject in both speech and non-speech conditions. The scale for the force errors is the same as for the force plots. For visualization purposes the position errors were multiplied by ten, in relation to the position scale bars. The standard errors for each value are also given. (Ferreira, 1992) .
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In order to interpolate the missing samples of a 1-D signal from its known parts, a basic assumption is made that the low-frequency components extracted from the known portion of the signal contain enough information to interpolate the missing portion. We then partition the time domain T of the discrete signal x of length N into two disjoint subsets, T m for the missing portion and T k for the known portion. The Fourier coefficients A j of the known part of the signal are obtained by solving the following underdetermined linear system, in a least-squares sense:
where w j j2 f s /N and f s is the sampling frequency (for the sake of simplicity, N is assumed to be even). In the case where T k = T, which means to a fully known signal, the solution of the above system is fully equivalent to the usual Discrete Fourier Transform.
Once the coefficients A j are determined, the missing part of the signal can be derived using:
where the index J c corresponds to the desired cutoff frequency of the signal. A value for the cutoff frequency that is too high may result in undesirable oscillations in the interpolated portion of the signal. On the other hand, choosing a excessively low value for the cutoff frequency may yield poor fitting even in the known portion of the signal.
Since there is no principled way of choosing the appropriate cutoff frequency for the jaw position and force signals in the present study, we consider a range of possible frequencies for each signal and the final choice is made using the EM procedure, as described in the Methods section.
We evaluated the reference trajectory estimation procedure for vertical and horizontal position and also vertical and horizontal force. The analysis was carried out for speech and non-speech movements separately. For each subject and for each variable, 20 null-field trials were randomly selected. We evaluated the reference trajectory fit at five points in each null-field movement: movement start, midway in time through the jaw lowering phase, maximum aperture, midway in time through jaw raising and movement end. Fifty ms intervals, corresponding to the duration of the perturbation, were used to obtain estimates at these points.
For each estimated trajectory, the maximum deviation from the actual or known trajectory was computed over the estimation interval. For purposes of this computation, we used cutoff frequencies from 8 Hz to 23 Hz for position signals and from 5 Hz to 20
Hz for force signals. The minimum across frequencies of the maximum deviation was used as a measure of -worst error in the best fit case.‖ For each subject, each measurement variable (vertical and horizontal position, and vertical and horizontal force), each condition (speech / non-speech), and for each of five phases of the null-field movement, the average of the minimal-maximal deviations was computed across the 20 trials.
Evaluation of the Moving Average Estimation Procedure
We conducted a simulation study to assess the extent to which the MA procedure is able to correctly recover stiffness of a known two-dimensional, secondorder linear system with the following equation of motion:
where P and F are the position and force change vectors, respectively. I , B and K are the inertia, viscosity and stiffness matrices. Successful recovery of stiffness in these simulations means that if the MA procedure is applied to real-world cases in which local linearity of stiffness, viscosity, and inertia holds, then correct values for the stiffness matrix can obtained.
The stiffness matrix used in the simulations was taken from that of an average subject and has the following values: major axis 2440 N/m, minor axis 608 N/m, curl term 44.6 N/m, ellipse orientation -10.5 o . The inertia matrix was diagonal with values of 0.05 kg for the diagonal terms. This value was obtained using our jaw model (Laboissière et al., 1996) to compute the apparent jaw mass at the lower incisors using values of mass and inertia given by Zhang et al. (2002) . The formula b 2 mk was applied to obtain viscosity values for the major and minor axes in the critically-damped case. The viscosity matrix was further rotated such that it was aligned with the stiffness matrix.
In order to test a range of situations in the simulations, values for b were multiplied by 0.5 (underdamped case) and 2.0 (overdamped case). We used the damping factors of 0.5, 1.0, and 2.0 for both the major and minor axis viscosities, which gave us nine combinations in total. As input to the model ( Figure  A1 summarizes the RMS difference between actual and estimated stiffness values averaged across all nine cases and all matrix components. It can be seen that there is a model order at which fitting error is minimized. By order 6, the MA model is able to precisely recover stiffness values. The RMS error is well under 1% for this linear second order system. Figure A1 
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